Brush-border maltase-glucoamylase (MGA) activity serves as the final step of small intestinal digestion of linear regions of dietary starch to glucose. Brush-border sucrase-isomaltase (SI) activity is complementary, through digestion of branched starch linkages. Here we report the cloning and sequencing of human MGA gene and demonstrate its close evolutionary relationship to SI. The gene is Ϸ82,000 bp long and located at chromosome 7q34. Forty-eight exons were identified. The 5 gene product, when expressed as the N-terminal protein sequence, hydrolyzes maltose and starch, but not sucrose, and is thus distinct from SI. The catalytic residue was identified by mutation of an aspartic acid and was found to be identical with that described for SI. The exon structures of MGA and SI were identical. This homology of genomic structure is even more impressive than the previously reported 59% amino acid sequence identity. The shared exon structures and peptide domains, including proton donors, suggest that MGA and SI evolved by duplication of an ancestral gene, which itself had already undergone tandem gene duplication. The complementary human enzyme activities allow digestion of the starches of plant origin that make up two-thirds of most diets.
T
he main digestible carbohydrates in the human diet are starch and sucrose. Plant starches provide the largest percentage of calories in the diet, and sucrose, the precursor of starch synthesis, is a major contributor to the esthetic quality of the diet (1) . Mucosal maltase-glucoamylase (MGA; EC 3.2.1.20 and 3.2.1.3, encoded by a gene, MGAM, located on chromosome 7) activity serves as the final step in small-intestinal digestion of linear regions of starch to glucose (2) . Mucosal sucraseisomaltase (SI) (EC 3.2.148 and 3.2.1.10, encoded by a gene, SI, on chromosome 3q26) activity constitutes the last stage of small-intestinal digestion of branch points of starch to glucose. Thus, these two enzymes complement one another in the digestion of starch. In a recent paper, we reported cloning and sequencing of human small-intestinal MGA cDNA (ref. 2 ; GenBank accession no. NM004668). MGA has two catalytic sites, which are identical to those of SI. MGA and SI are members of glycosyl hydrolase family 31, but the proteins show only 59% amino acid sequence identity and have complementary activities in plant carbohydrate digestion (2) .
Starch granules are a mixture of two different plant polysaccharides, amylose, a linear [4-O-␣-D-glucopyranosyl-D-glucose] n polymer, and amylopectin, with additional 6-O-␣-D-glucopyranosyl-D-glucose links (Ϸ4% of total), which result in a branched structure. Dietary starches are a mixture of Ϸ25% amylose with 75% amylopectin, a fact of nutritional significance because of the complexity of the mammalian starch digestion pathway (3) . In the small intestine, ␣-amylase (1,4-␣-D-glucan glucohydrolase, EC 3.2.1.1, chromosome 1p21) is an endohydrolase, found in mature salivary and pancreatic secretions, that produces solubilized linear maltose oligosaccharides by hydrolysis of internal ␣1-4 linkages (3, 4) . ␣-Amylase bypasses the ␣1-6 linkages of amylopectin and thus produces branched maltose oligosaccharides. Both families of maltose oligosaccharides are not absorbable without further processing to glucose by hydrolysis at the nonreducing ends of 1-4 and 1-6 oligomers (3). Two different mammalian small intestinal mucosal brush border-anchored enzymes, MGA and SI, carry out this hydrolysis to glucose (3) . Enzyme substrate specificities of human SI complement those of MGA. In vivo, SI accounts for 80% of neutral mucosal maltase (1,4-O-␣-D-glucanohydrolase) activity, all neutral sucrase (Dglucopyranosyl-␤-D-fructohydrolase) activity, and almost all isomaltase (1,6-O-␣-D-glucanohydrolase) activity (3, 5, 6) . MGA accounts for all mucosal neutral glucoamylase exoenzyme (1,4-O-␣-D-glucanohydrolase) activity for amylose and amylopectin substrates, 1% of isomaltase activity, and 20% of neutral maltase activity (3, 5, 6) . The spectrum of MGA and SI activities, with complementary substrate specificities, is thus indispensable for small-intestinal digestion of the plant-derived ␣-D-glucose oligomers to glucose (3).
Here we report the sequencing and mapping of the gene structure of MGAM and provide further evidence for (i) a common ancestry for MGA and SI, the enzymes essential for small-intestinal digestion of plant ␣-D-glycosides to glucose, (ii) the enzyme activity and substrate specificity of the recombinant protein expressed by 5Ј MGA cDNA, and (iii) the homology of genomic architecture and peptide domains of MGA with its complementary enzyme SI.
Methods
Ethical Aspects. The ethical committees of Baylor College of Medicine and related institutions (2, 7) approved this investigation.
Cloning Procedures. PCR was carried out as described (2) . Amplicons were separated, purified, and transformed into NovaBlue Escherichia coli (Novagen). Clones were screened by PCR and plasmid isolations (Qiagen, Valencia, CA) were carried out. DNA was sequenced (373A automated sequencer, Applied Biosystems) at Baylor College of Medicine Child Health Research Center Core Laboratory. When exon-specific primer pairs were not available, the GenomeWalker technology (CLONTECH) was used to extend genomic sequences with cDNA-based and adaptor primers. Primary and secondary nested PCR was performed according to the manufacturer's protocol. A PAC library R81-84, provided by the Cloning Core Laboratory of the Baylor College of Medicine Human Genome
Abbreviations: MGA, maltase-glucoamylase; SI, sucrase-isomaltase; TFF, trefoil peptide domain; GAA, acid glucosidase alpha (a lysosomal ␣-glucosidase).
Data deposition: The MGAM1-MGAM21 nucleotide sequences reported in this paper have been deposited in the GenBank database (accession nos. AF432182-AF432202).
Center, was screened with MGA-specific primers and confirmed by hybridization.
Computer Analysis. The software from the Genetics Computer Group (8) was accessed via the Baylor College of Medicine Molecular Biology Computation Resource (9) . Sequence analysis was performed with the Genetics Computer Group programs (8) . GenBank data were searched using BLAST (10) or FASTA and TFASTA (11) programs. Primer designing was done with the PRIMER (8) program. Phylogenetic and molecular evolutionary analyses were conducted using a Neighbor Joining matrix calculation of distance of internal nodes based on divergence of peptide sequences with MEGA V.2.1 software (12), with default parameters, and sequences downloaded from the ProDom peptide domain site (13) .
Additional MGAM clones were found by searching GenBank and Celera blasts with MGA cDNA sequences (10, 11) . In each case there was extensive high-quality alignment (Ͼ98%) between MGA and the GenBank and Celera clone sequences. A genomic structure of SI was available by searching, with SI cDNA sequences, the 5Ј end (14) and the 3Ј end from GenBank (contig AC021100) and Celera (transcript hCT31261͞gene hCG40008; scaffold GA2HTBL5CBJJ; and unassembled fragment files). All MGA and SI exon boundary locations were confirmed by cDNA sequences and the GRAIL 3 exon identification program (http:͞͞grail.lsd.ornl.gov͞grailexp͞). Peptide folds and predicted tertiary structures were classified with 3D-PSSM (15).
Recombinant Expression. The 5Ј domain of MGA cDNA was isolated from clone MGA-P1 2 and subcloned into pSGKS (16) to yield clone MGA-P1A. The cDNA after the single PmlI restriction site (nc603) was substituted by a 2260-bp PmlI͞NotI fragment isolated from MGA-P1A 2 (2) encoding residues 202-954 yielding clone MGA-P1A 2 . The orientation was confirmed by sequencing. A D529A mutation was produced by recombinant PCR (16) . The mutated product was ligated back into the MGA-P1A 2 vector and sequenced. COS-1 cells were grown and transfected as described (7, 17) . Cells were pulse-labeled with 50 Ci (1 Ci ϭ 37 GBq) [ 35 S]methionine (NEN). The recombinant proteins were immunoisolated with monoclonal antiserum HBB 2͞143͞17 and treated with endo H (endo-N-acetylglucosaminidase H) before analysis by SDS͞PAGE as described (7, 17) . Transfected cells were isolated and homogenized as described (17) . Fifty microliters of homogenate was assayed for soluble starch (amylose) and 25 l for maltose and sucrose (2% substrate) hydrolysis to glucose under standard conditions used for human enzyme assay (7) . Glucose was quantified by glucose oxidase (7) . Protein was measured using bicinchoninic acid (ref.
18; Pierce).
Results
Processing and Enzyme Activity of Recombinant MGA. The COS cell expression of the MGA-P1A 2 demonstrated synthesis and processing of isoforms of MGA as in organ culture experiments (7). The high-mannose and complex glycosylated isoforms of P1A 2 were identified by endo H enzyme sensitivity (ref. 7; Fig. 1 ). The sequential glycosylation of the P1A 2 high-mannose and complex glycosylated forms was also demonstrated by pulse labeling (not shown). Enzymatic activity of P1A 2 recombinant protein was present with maltose and soluble starch (amylose) substrates, but negligible activity was present with lactose or sucrose substrates ( Table 1) . Mutation of the D to A in the signature I site, WIDMNE, resulted in loss of P1A 2 activity for maltose or starch hydrolysis (Table 1) .
Cloning and Sequencing of Genomic MGAM. An initial PAC clone, containing MGAM, was identified from library STS M471͞M604 and filter 81-84. It was identified as PAC clone 81E19 (Fig. 2) . Using cDNA primers, it was determined that the clone extended 5Ј from exon 33 through intestinal exon 1. The cDNA sequence also was used to search for additional MGAM genomic clones in GenBank. A BAC clone R-1083c11, from library RPCI-11, was identified (AQ743657) that matched MGA (98%) at the 3Ј end from cDNA ϩ4112 to ϩ4172 and extended beyond the poly(A) tail (Fig. 2) . The sequenced 3Ј end of clone R-1083c11 includes AQ744869, which matches (97%) four exons and introns of the human germline T cell receptor beta chain gene (contained in contig U66059, U69054 to U68742), mapped to 7q35. Using publicly available overlapping sequences (accession nos. AC011654 and AC073647), a long chromosome 7 contig (NT023529) extending 5Ј from MGAM exon 10 was constructed. This extended the 5Ј MGAM sequence to Ϫ20147 bases upstream of the MGA intestinal exon 1, confirmed all PAC 81E19 sequences through exon 10 (99% match), and included the granulocyte MGA exon 1 (unpublished cDNA). After submission of our MGAM sequences to GenBank, an additional chromosome 7 contig (NT023640) was reported. This new unassembled contig includes MGAM exons 1-48. The 5Ј end of PAC clone 81E19 began ϩ18650 bp from the AC011654 contig 3Ј end, and the 5Ј end of BAC clone 2783F23 began ϩ22323 bp from the AC073647 contig 3Ј end. Two additional BAC unassembled sequences (AC091742 and AC091684) encompassed portions of the MGAM coding region excluding granulocyte exon 1 but including intestinal exons 1 and 48. In total, 21 fragments of MGAM were sequenced for a total of 46,872 bases (see Fig. 4 , which is published as supporting information on the PNAS web site, www.pnas.org). All five GenBank sequences and a partial genomic sequence from Celera (transcript hCT30700͞gene hCG39449), which extended from exons 3 to 21 and 37 to 42, confirmed our MGAM sequences (Ͼ96% identity), extended the full size of the gene to Ϸ82,000 bases, and confirmed our exon boundaries.
Chromosomal Location. In 1998, an EST, GS1365, on chromosome 7 was identified with sequence identity to the 3Ј end of MGA cDNA. This led to the suggestion that MGAM is located on chromosome 7 (3). The 3Ј end of BAC clone 2783F23 terminates in sequence B99061, which matches MGA cDNA sequence from 4400 to 4538 (96%) and extends in the 5Ј direction. The 5Ј sequenced end of BAC 2783F23 ends at B99063, which matches (98%) four exons of myeloid DAP12-associating lectin (MDL-1), the C-type, calcium-dependent carbohydrate-recognition domain, and lectin superfamily member 5 (CLECSF5, AJ271684) gene, which has been cytogenetically mapped to 7q33. The 3Ј end of the contig resulting from AC011654 and AC073647 contained 16,766 bp of the MDL-1 gene (99% cDNA match), including seven exons and six introns, beginning at Ϫ52771. BAC clone R-1083c11, which matched MGA (98%) at the 3Ј end from cDNA 4112 to 4172 and extended beyond the poly(A) tail, was identified (AQ743657). The sequenced 3Ј end of clone R-1083c11 includes AQ744869, which matches (97%) four exons and introns of the human germline T cell receptor beta chain gene (TCRB, contained in contig U66059, 69054 -68742), mapped to 7q35. These two BAC clones with sequenced ends establish that MGAM is anchored 3Ј of MDL-1 at 7q33 and 5Ј of TCRB at 7q35. These results were confirmed by the unassembled contig NT023640, which also contains MDL-1 and TCRB.
Exon Boundaries. Exon boundaries were mapped by PCR with MGA cDNA sequence-designed primers by using the PAC 81E19 and BAC 1083c11 genomic clones as templates. In the case of longer introns and the promoter, the GenomeWalker system, which used MGA cDNA sequence nested primers, was used to extend genomic sequences. Our sequences were checked against chromosome 7 BAC clones, NT023529, NT023640, and Celera transcript hCT30700. Forty-eight exons were identified, all with classic intron 5Ј splice donor and 3Ј splice acceptor sequences ( Table 2 ). The exon sizes ranged from 35 to 201 bases, with the exception of exon 48, which had 953 bases. The location and boundary codon phasing of all MGA exons were identical to those of SI. The size of the exons was conserved between the two genes in 43 of the 48 exons but varied in the remainder (see pile-up in Fig. 5 , which is published as supporting information on the PNAS web site).
Discussion
Recombinant MGA Enzyme Activity. The recombinant N-terminal domain of MGA hydrolyzed glucose from maltose and linear starch but not from sucrose or lactose substrates (Table 1) . This establishes that the recombinant MGA N-terminal domain has the substrate specificity of native MGA and is distinctive from SI, confirming their complementary substrate specificities. Both enzymes hydrolyze maltose, but MGA has specificity for the 95% ␣1-4 and SI for the 5% ␣1-6 glucose linkages of starch (3, 4) . The function of the MGA C-terminal site is currently under investigation. The collaboration of these enzymes in maltose clearance from the lumen may be of importance because maltose is a noncompetitive inhibitor of ␣-amylase, and the rate of maltose brush-border digestion could regulate luminal ␣-amylase endoglycosidase activity (19) .
The aspartic acid, WIDMNE, at conserved site III is known to be catalytic in SI and four other family 31 enzymes (20) (21) (22) . This putative MGA proton donor was mutated from D to A, and resulted in the loss of all recombinant enzyme activities. This is proof that this amino acid serves as a catalytic acid in MGA as well as SI. Studies in Schizosaccharomyces pombe, another family 31 ␣-glucosidase, revealed that mutation of either the conserved site III D or the site IV D (see pile-up in Fig. 5 ) reduced enzyme activity (23) . This suggests that the two conserved D in sites III and IV serve as proton donors and recipients for family 31 ␣-glucosidases including MGA and SI.
MGAM and SI Gene Structures.
The MGAM gene is Ϸ82,000 bp long. Forty-eight exons were identified, all with classic intronic 5Ј splice donor and 3Ј splice acceptor sequences (Figs. 4 and 5, Table 2 ). At the time of submission, exon boundaries, assigned by computer to contig NT028590, agreed with assignments in this manuscript for exon boundaries and phases 17-31 but were absent or in disagreement for the remaining 24 exons. The exon sizes ranged from 35 to 201 bases, with the exception of exon 48 (953 bases), and the whole structure represents an ancestral duplication, as surmised (2), with a very high degree of conservation of exon structure. There were 25 exons coding the N-terminal part and 23 coding the C-terminal part ( Table 2 ). The N-terminal expression construct MGA-P1A 2 terminates in the middle of exon 25. Exons 1 and 2 were unique to the N-terminal part, and an exon boundary between exons 34 and 35 was unique to the C-terminal part. The exon boundary between exons 25 and 26 in the C-terminal part was extended by 10 aa from that of exons 3 and 4. A pile-up of both terminals documents a conservation of all of the other exon boundaries in both MGA domains (see Fig. 5 ).
The exonic structure of SI, as constructed from publicly available sequences, is also shown in Table 2 . SI also appears to be Ϸ82,000 bp long and to have 48 exons and the same differences in boundaries between the N-and C-terminal parts as MGAM. Classic intron 5Ј splice donor and 3Ј splice acceptor sequences were identified in SI, and exon boundary phases were identical to those in MGA (Table 2) . Five SI exons were shorter than those of MGA but the remaining exons were of identical sizes. Exons 1 and 48 are noncoding or partially coding and shorter than in MGA. Exons 2 and 3 code unduplicated cytoplasmic tails, membrane anchors, and glycosylated stalk regions, The MGA stop codon in the C-terminal part is located 291 bases within the 963-base exon 48, whereas the stop codon of SI is 134 within a 544-base exon. The 401 base difference in size of exons 48 is the largest divergence between MGA and SI and is preserved in mice (unpublished work). The second largest is a 62-bp increase in length of MGA exon 3, which codes the stalk regions of both enzymes. The third is the presence of an added 18 bp in MGA exon 35 at the end of the C-terminal barrel coding sequence. In contrast, SI has an additional 10 bp coding the 5Ј UTR.
Predicted Tertiary Protein Structure. There have been no reported studies of the crystallographic structure of family 31 proteins. Reasonable approximations (Ͼ95%) were available via computational methods by alignment of peptide folds with those of known crystallographic structures. All four MGA and SI protein domains in Table 2 and the pile-up in Fig. 5 have predicted folds of a TIM (␤͞␣) 8 -barrel type [named for triose phosphate isomerase, the first described (␤͞␣) 8 -barrel structure]. The full predicted tertiary structure for MGA and SI can be described as a ␤-(␤͞␣) 8 -␤-(␤͞␣) 8 -␤ ''club sandwich'' because of three beta sheets enclosing the tandem duplicated barrels. The shared folds and predicted tertiary structures of MGA and SI are consistent with a common origin.
Exon Structure and Peptide Domains. The location of exon boundaries provides information about coded protein domains (25) . The conserved structure of the four MGA and SI peptide domains in Table 2 Phylogenetic Deductions. The shared exon structures and conservation of protein domains of MGA and SI are consistent with the notion that these genes arose by duplication after an initial internal duplication of the ancestral gene. The N-terminal regions of each gene are more closely related to each other, and likewise, the C-terminal regions to each other, than are the Nand C-terminal regions of the same gene. There is greater conservation of the available exonic structures of MGAM and SI (100%) than in peptide sequence (59%). The predicted (␤͞␣) 8 tertiary structure is highly conserved between MGA and SI proteins, as indicated by seven invariant family 31 glycoside hydrolase domains (ref. 22 ; bold type in the pile-up in Fig. 5 ).
The earliest known phylogenetic association between TFF and ␣-glucosidases domains reported was from the worm Caenorhabditis elegans. Two C. elegans genes (g1065946, chromosome III, and g6425187, chromosome IV) have a single TFF preceding an unduplicated ␣-glucosidase domain. These C. elegans and mammalian lysosomal acid glucosidase (GAA) homologies are more similar to C-terminal domains of MGAM and SI genes. This suggests that the C-terminal part of MGAM and SI is closer to the founder of the duplicated domains. The occurrence of a single TFF-linked ␣-glucosidase suggests that the tandem duplications in MGAM and SI developed later in phylogeny than the C. elegans worm. The human TFF and (␤͞␣) 8 domain duplications are demarcations of MGAM and SI from an older unduplicated GAA that shares 9 of the 10 exon boundaries (GAA exons 6-16) within their C-terminal (␤͞␣) 8 domains, but only 2 of 8 boundaries before and 2 of 7 after the barrel. The GAA TFF is located within a large exon 2. An unduplicated GAA is preserved in all vertebrate species sequenced (GenBank accession numbers in parentheses): quail (BAA25890), mouse (NP032090), and human (P10253) (see Fig. 6 , which is published as supporting information on the PNAS web site). In contrast, the brush-border ␣-glucosidases seem always to be internally duplicated. This has been shown for SI from rabbit (A23945), rat (T10799), shrew (O62653), and human (P14410), and MGA from human (O43451; Figs. 3 and 6 ). The fourth ␣-glucosidase of the human is glucosidase II ␣ (G2AN, alpha glucosidase II alpha subunit, GenBank accession no. NP055425, chromosome 11), which serves in glucose trimming of Glc 1 Man o -glycosylated proteins within the endoplasmic reticulum and as an editor. G2AN shares only one exon boundary with MGA and SI (Figs. 3 and 5). These sequences and exon phases suggest that the duplicated mucosal luminal enzymes are an evolutionary adaptation for intestinal starch digestion by mammals. Analysis of 105 different family 31 proteins in GenBank suggests that evolutionary divergence between the full N-and C-terminal brush-border enzyme domains occurred at a relative time of Ϫ8.3 but that specific MGAM and SI signatures I and II diverged at Ϫ4.6 and Ϫ6.2 before the present age. The oldest member of family 31 is Caulobacter crescentus, a proteobacterium that diverged at Ϫ11.
From the perspective of the TFF, the oldest member in GenBank is the Xenopus laevis egg envelope protein (gp37), which differentiated at Ϫ11.5. The MGA N terminus differentiated from the mammalian zonula protein (ZP) proteins at Ϫ9.5 before the present age. The family of mammalian TFF small peptides differentiated from the Xenopus TFF-like proteins at Ϫ5.7. These two relative evolutionary time scales suggest that MGA and SI duplication followed TFF development at Ϫ8.3 and specialization of these mammalian brush-border enzymes at Ϫ4 to Ϫ6 before the present age.
In the time scale of evolution, mammalian species are believed to have proliferated at the end of the Cretaceous period; amphibians developed in the Carboniferous period. These geological benchmarks suggest that the duplication and differenti- ation of mammalian MGA and SI occurred Ϸ65 ϫ 10 6 and of TFF Ϸ3 ϫ 10 8 years ago, but that prokaryotic family 31 glucosidases originated at an earlier time (12) .
Physiologic Deductions. The pattern of structural relatedness of the MGAM and SI genes is consistent with tandem duplication followed by divergent evolution with the structure of the gene evolving the most slowly, the protein sequence more quickly, and the chemical mechanism of the enzyme most rapidly (26) . The complete conservation of a common proton donor and recipient site in all four terminal domains (in the pile-up in Fig. 5 ) suggests that differences in substrate binding must account for differing MGA and SI enzyme specificities. The functional collaboration of MGA and SI in terminal starch digestion, documented by the complementary enzyme specificities, is therefore anchored at the genomic level.
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